The Evolution of Tuberculosis
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I n the 1880s, tuberculosis (TB) swept through the Plains Indian communities of western Canada, killing two children for every child born. The seeds of this devastating epidemic had been planted more than a century earlier, when French-Canadian fur traders paddled through the region, living among the native people and spreading Mycobacterium tuberculosis, the disease-causing bacterium. The infection smoldered among the indigenous people, like an unseen fire burning under the earth. An epidemic did not flare up until decades later, when a new wave of European settlers destroyed the bison herds that had sustained the Sioux, the Cree, and the Salteaux. The tribes were then confined to reserves, where they lived in windowless huts, slowly starving. Hunger weakens the immune system, and crowded, unventilated housing speeds the spread of TB. Canada's native people suffered a perfect storm of the disease.
Caitlin Pepperell, an infectious disease specialist at the University of Wisconsin-Madison, has combined historical documents with genetic studies of modern TB bacteria to open a window into the evolution of this ancient illness. Her study represents the first time scientists have been able to track the spread of TB from one human population to another. Understanding the bacterium's adaptations to life in its human hosts is the key to finding new ways to control its spread. That mission is vital: TB killed more people in 2009 than in any previous year in history. Antibiotic-resistant Canada by Europeans. Tribes in the region were devastated by the disease in the late 1800s, when thousands of white settlers were moving west, and the government was forcing the tribes off their traditional lands. At first glance, it seemed obvious that the native people caught TB from members of this wave of European migration. It took a detailed genetic analysis of the bacteria infecting widely scattered groups of modern Canadians to reveal the true story.
Pepperell's insight into the long, slow burn of TB came about by coincidence. A colleague sent her a picture of some DNA fingerprints from M. tuberculosis that had infected native people in Ontario, in eastern Canada. strains of the disease are rapidly evolving. The World Health Organization estimates that a third of the people on Earth are infected with TB. Three million people die from the disease each year.
Today, the great majority of TB infections strike in sub-Saharan Africa, India, and China. The disease is rare in most of Canada, but it remains a serious problem in some indigenous communities. For 7 years, Pepperell has worked with native people in western Canada, charting the wax and wane of TB epidemics and seeking the original source of the infection. Genetic analyses of the TB strains afflicting the tribes showed that the bacterium was carried to western The Standing Buffalo band of Dakota Indians had fled from persecution in Minnesota and taken refuge in Manitoba. They lived near the Cree and Salteaux, who were wasted by hunger and sickness, but because of their refugee status, they had never signed a treaty and so avoided the deadly attentions of the government. They grew crops of their own and worked for white settlers. Because they were able to feed themselves, the Dakota remained healthy while neighboring tribes were ravaged by TB.
The TB bacterium is older than was once believed TB has plagued crowded human settlements for as long as they have existed. Hippocrates described the disease among his patients in ancient Greece. TB can leave lesions on bone, and archaeologists have speculated that scarred skeletons found at sites scattered throughout Europe and Asia were evidence of the bacterium's long relationship with people. Then, in the 1990s, researchers extracted M. tuberculosis DNA from lesions on ancient human bones-up to 1400 years old-found in Europe and Borneo. Soon after that, the same process was used to identify TB infection in the lungs and lymph nodes of a 1000-year-old Peruvian mummy, making it clear that the disease had reached the New World long before European colonists did.
Until recently, most scientists believed that TB first infected humans around 10,000 years ago, when people began to live in permanent villages, surrounded by the first domesticated livestock. M. tuberculosis is one member of a closely related group of bacteria that causes disease in humans and other species, known as the M. Tuberculosis complex (MTBC). Mycobacterium bovis, the bacterium that causes TB in cattle, can jump the "I recognized the strain family of the bacterium, but it came from a separate group of people, hundreds of miles away," Pepperell explains. "The only link I could think of was the fur trade." Luckily, her counterparts in eastern Canada had also studied TB among French Canadians living in Quebec and had found the defining characteristics of the strain they carried.
In the early 1700s, French-Canadian traders began to move west into unexplored parts of present-day Canada. They bought furs from native people and lived among them. The number of indigenous people who had close contact with the fur traders was relatively small, and few French Canadians joined in the permanent settlement of the west during the late 1800s. Still, the traders left lasting marks in the west: the Métis society (people with both indigenous and European ancestry and culture) and a long-lasting legacy of disease. Pepperell and her colleagues genotyped the M. tuberculosis bacteria infecting indigenous patients scattered across Canada, using samples collected in the 1990s and 2000s. Native people across the continent-from Alberta, Saskatchewan, and Ontario-all carried the same strain as French Canadians living in Quebec, the descendants of the long-gone fur traders.
Although one-third of the global human population is infected with M. tuberculosis, 9 out of 10 people have a natural resistance and do not get sick. Only 1 in 10 will succumb to active TB; of these, half will die without treatment. This high proportion of latent infections implies a long coevolution between the bacterium and its human hosts. So does the life history of M. tuberculosis. Many other species of mycobacteria flourish in soils, but TB germs thrive only inside human bodies.
Pepperell notes that TB can lie low inside a person for decades. An 80-yearold man suffering from active TB may have been infected as a child and may have come down with the disease only as his immune system weakened with age. Many researchers believe that this pattern demonstrates one of the ways M. tuberculosis survived when early people lived in small, scattered groups, so that the density of human hosts was low. The germ would coexist with its host for decades, only flaring into active disease when the person was weakened by hunger or old age. People carrying TB survived to have children and to pass the disease along to them. Genetic analyses of TB bacteria worldwide suggest that the disease evolved tens of thousands of years ago among our ancestors in Africa and spread through the world as human populations expanded. When huntergatherer peoples were well fed and otherwise in good health, few of them would have had their lives cut short by the M. tuberculosis hitching a ride inside them.
The pattern of TB outbreaks among indigenous people in late-nineteenthcentury Canada is revealing. By 1879, the bison were nearly extinct, and most of Saskatchewan's tribes were starving. Weakened by hunger, many groups suffered full-blown epidemics of TB.
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TB outwits natural selection
This map of the shared history of humans and TB germs is based on genetic deletions, yet the MTBC possesses little genetic diversity compared with many other kinds of infectious bacteria. The human immune response pushes other pathogens to shape-shift, dropping surface proteins that are easily recognized by macrophages and lymphocytes, yet the TB germ has chugged along, carried by generation after generation of humans, with little identifiable change.
In the never-ending battle between germ and host, natural selection usually weeds out any mutations that make bacteria less fit, but TB seems oddly immune to this kind of purifying selection. "As few as 1-10 bacterial cells are enough to initiate a new tuberculosis infection," explains Sebastien Gagneux of the University of Basel, Switzerland, so each time the disease passes from one person to the next, the bacteria experience an extreme population bottleneck. Mycobacterium tuberculosis may survive by somehow turning the human immune response to its own advantage. Gagneux points out that the most contagious form of the disease, cavitary TB, is driven by immune responses that increase lung damage and make the infection more likely to spread to other people. The bacterium's resistance to purifying selection may make it increasingly dangerous in the era of antibiotics. Drug-resistant strains appeared soon after the introduction of streptomycin, in 1943. Standard treatments for active TB now include long courses of multiple antibiotics. The regions of the world where TB is most widespreadsub-Saharan Africa, India, and China-report rapid increases in cases of multidrug-resistant disease. The mutations that create drug resistance often make bacteria less fit in some way. these sequences may have created strains more successful at infecting people. The presence or absence of these sequences shows the position of a bacterial strain in the line of descent from the earliest form of the disease.
Dramatic confirmation of the ancient origins of TB came in 2008, when Israel Hershkovitz of Tel Aviv University and his colleagues extracted M. tuberculosis DNA from the bones of a mother and baby, buried 9000 years ago. The skeletons were among many found at Atlit-Yam, a prehistoric village that now lies beneath the waters of the Mediterranean Sea. At least five of the more than 70 human skeletons there had bone lesions that suggested TB infection. Atlit-Yam is among the oldest settlements with clear evidence of a farming lifestyle. The site contained the remains of goats, cattle, and pigs, along with farming tools and harvested plants. The shift from a freeroaming hunter-gatherer existence to life in settled farming communities is associated with the appearance of TB, and that of other infectious diseases, including smallpox. Although no trace of M. bovis was found at Atlit-Yam, the researchers speculated that cattle may have contributed to the spread of TB there by supporting a denser human population. The strain of bacteria found in the bones of the mother and child had lost the Tbd1 DNA sequence, marking their killer as a member of the more modern lineage of TB.
Ruth Hershberg, now at Technion University in Israel, has studied the genes of the MTBC infecting humans from around the world and has found that people in different regions carry distinct strains. The bacterium's genetic code holds markers of human movements over the millennia. TB arrived in India and Europe with the first biologically modern people to settle those regions. As human numbers boomed, they provided an ecological niche for strains of TB that live on today. Later, in historic times, the disease crossed oceans with European colonists; Pepperell's finding of a distinctive French-Canadian strain spreading to indigenous people is a case in point. Feature were slower to respond and produced lower levels of cytokines.
Crowded conditions and hunger are still catalysts for disease A corresponding pattern has been documented among TB patients in Gambia. Ancient and modern strains both spread among the human population there, but the modern strains are much quicker to cause active disease. Before people began to live packed together in cities, the bacterium tended to lie low, allowing the host to live long enough to produce a new generation of children to infect. Today, in a world increasingly crowded with humanity, there are plenty of hosts. It seems the modern strains can afford to be more virulent, because when one host dies, there are always others around.
What does this complex evolutionary history mean for efforts to control TB in the modern world? No effective vaccine against the disease exists. New antibiotic drugs are urgently needed in regions where the disease is widespread, yet bacteria will always be quick to evolve resistance. The most effective weapons against TB are simple but elusive: good food and healthy living conditions for people everywhere. "A good vaccine would certainly help," says Portevin, "but the single most important factor is a constant food supply." TB is rare in the developed world, but that is a result of improved standards of living, not of the power of antibiotics. In the United Kingdom, the number of TB cases began to drop in the mid-nineteenth century, before Robert Koch identified the bacillus and decades before the development of the first antibiotics. Today's pattern of outbreaks in industrialized countries reflects the impact of poverty and overcrowding. The worst outbreak in Europe is happening among the homeless and poor on the streets of London. In the United States, the people most likely to be hit with TB are substance abusers, including alcoholics and people sharing close quarters in drug houses.
in settlements 10,000 years ago, and nearly all of them carry the resistance allele. Among the Saami of Lapland, who began to live in towns only a century ago, genetic resistance is rare. In confronting TB in the modern world, explains Barnes, "We have to be aware that past selection pressures are very important and underpin each person's response to the disease."
More modern strains-like the Beijing family of members of the MTBC-seem to have evolved new, improved ways of subverting the human immune response. Cytokines, proteins released by macrophages and other immune cells, activate lymphocytes to fight infection. Patients infected with these modern strains produce lower levels of cytokines than those carrying ancient strains of the disease. In a recent study, Damien Portevin of the MRC National Institute for Medical Research in London tested the reaction of macrophages to ancient and modern strains of TB in vitro. Macrophages exposed to ancient forms responded by firing off an array of cytokines, signaling lymphocytes to join battle with the bacteria. Those exposed to modern forms Strains that have evolved to resist the antibiotic rifampicin, for instance, do so at the cost of a mutation that impairs an enzyme vital in RNA transcription. Cells with this kind of mutation would be quickly outcompeted among freeliving bacteria, yet rifampicin-resistant members of the MTBC survive well even in patients who are not being treated with the drug. "It's pure speculation," says Gagneux, "but because so few cells are needed to initiate a new infection, the drug-resistant strains may be maintained in the population by chance, and thus contribute to the problem of drug resistance."
A spate of new evidence underlines the ancient relationship between crowded living conditions and outbreaks of TB. A team of researchers led by geneticist Ian Barnes of the University of London studied variants of a human gene, SLC11A1, that codes for a protein in macrophages, the sentinel cells that trigger immune response against invading bacteria. Some forms of the gene give people natural resistance to TB infection. The descendants of societies with a longer history of urbanization are much more likely to carry the resistance allele. Iranians, for instance, first began to live were documented in 2010. That is an infection rate 62 times the Canadian average, and most of the victims are adolescents and young adults-an age group that would be able to suppress the infection if they were healthy. But most people in the territory no longer live a traditional life. Instead, they crowd into small houses and survive US Navy Lieutenant Lydia Battey discusses the symptoms of tuberculosis with local residents in Papua New Guinea as part of a medical civil-assistance program. Photograph: US Navy photo by Mass Communication Specialist 2nd Class Kerryl Cacho.
Perhaps the most poignant example comes from Nunavut, in the Canadian Arctic, which is now suffering a serious epidemic of TB. The situation echoes the story of the outbreak among the indigenous peoples in the late 1800s. The territory's population is small and mostly aboriginal. One hundred new cases of active disease
